A BST RACT : Ba ckg ro und: Patients with Parkinson's disease experience debilitating motor symptoms as well as nonmotor symptoms, such as cognitive dysfunction and sleep disorders. This constellation of symptoms has the potential to negatively influence pedestrian safety. The objective of this study was to investigate the association of motor symptoms, daytime sleepiness, impaired vigilance, and cognitive dysfunction with pedestrian behavior in patients with Parkinson's disease and healthy older adults. Met ho ds: Fifty Parkinson's disease and 25 control participants were evaluated within a virtual reality pedestrian environment and completed assessments of motor performance, daytime sleepiness (Epworth Sleepiness Scale), vigilance (psychomotor vigilance task), and visual processing speed (Useful Field of View) outside the virtual reality environment. The primary outcome measure was time to contact, defined as the time remaining until a participant would have been hit by an approaching vehicle while crossing the virtual street.
Resul ts: The virtual reality pedestrian environment was feasible in all participants. Patients with Parkinson's disease demonstrated riskier pedestrian behavior compared with controls. Among Parkinson's disease participants, walking speed, objective measures of vigilance, and visual processing speed were correlated with pedestrian behavior, with walking speed the strongest predictor of time to contact, explaining 48% of the variance. Vigilance explained an additional 8% of the variance. In controls, vigilance was also important for street-crossing safety, but older age was the most robust predictor of pedestrian safety. C on clusi o ns: Walking speed is associated with unsafe pedestrian behavior in patients with Parkinson's disease. In contrast, age was the strongest predictor of pedestrian safety in healthy older adults. Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by motor symptoms of bradykinesia, tremor, rigidity, and postural instability. In addition, nonmotor symptoms such as cognitive impairment and sleep dysfunction are increasingly recognized as a source of disability among PD patients. 1, 2 Sleep disorders, including excessive daytime sleepiness (EDS), are particularly common, affecting 74%-98% of patients. 3, 4 EDS is associated with impaired vigilance and can negatively impact safe completion of tasks such as driving or crossing a street.
Pedestrian injury is a significant risk for older individuals. 7 In fact, 20% of pedestrian fatalities and 11% of injuries in the United States in 2014 and 42% of pedestrian fatalities in Europe in 2009 involved persons 65 or older. 7, 8 Successful pedestrian behavior requires integration of motor function, perceptual ability/vigilance, and cognitive function (particularly visual processing and attention. 9, 10 Changes that can occur in normal aging, such as reduced stride length and acceleration capacity, slowed visual processing speed, and cognitive changes, can impair safe pedestrian behavior. 10, 11 These changes are more pronounced and occur at younger ages in PD. In fact, PD patients have more gait impairment, EDS, cognitive dysfunction, and visual processing deficits compared with age-matched controls. 12, 13 Although the prevalence of pedestrian injury in PD is not known, this constellation of deficits increases the risk of unsafe pedestrian behavior in these patients.
14 This crosssectional case-control study evaluated the association of motor function, EDS, vigilance, and visual processing speed with pedestrian safety as measured within a validated virtual reality (VR) pedestrian environment 15 in patients with PD compared with healthy controls (HCs). We hypothesized that EDS and impaired vigilance would negatively affect pedestrian behavior, and we also explored the association of walking speed, motor symptoms, dopaminergic medications, and demographics with street-crossing safety in the VR environment.
Methods Participants
This cross-sectional case-control observational study enrolled 51 PD and 25 HC participants. Fifty PD participants were included in the final analyses after excluding 1 participant because of monocular blindness. PD participants were recruited from the University of Alabama at Birmingham (UAB) Movement Disorders Center, and HCs were recruited from family members of patient and from the community through flyers and recruitment fairs. Inclusion required age 45-85 years old, ability to ambulate without assistance, and ability to walk up and down a small set of stairs. PD participants had a clinical diagnosis of idiopathic PD-Hoehn and Yahr stages 1-4. Participants were excluded for symptoms or history indicative of atypical or secondary parkinsonism, blindness, or cognitive dysfunction that would prevent completion of study procedures. There were no significant differences in age, sex, or race between PD and HC groups (Table  1) . For participants with PD, dopaminergic therapy usage (levodopa-equivalent dose [LED]) was calculated as previously described. 16 The UAB institutional review board approved the study, and all participants consented to participation through written informed consent.
Participant Evaluations
All participants were evaluated during a single visit, which included gathering demographic information, participation within the semi-immersive VR pedestrian environment, and evaluation of motor symptoms, visual processing speed, objective vigilance, and subjective sleepiness.
The VR pedestrian environment is a validated measure of "real-world" street-crossing behavior. 15 The system is composed of an elevated platform, which simulates a street-side curb, and 3 monitors (arranged in a semicircle) on which participants view the virtual environment of bidirectional traffic on a moderately busy suburban road with a 25-foot crosswalk (Fig. 1) . When participants feel they can safely make it across the virtual street, they step off the platform/curb onto a trigger plate, which activates a cartoon representation of the participant (avatar) to cross the street. The time to contact (TTC) is measured within this environment. TTC is defined as the shortest time remaining until a participant would have been hit by an approaching vehicle during the crossing within the virtual pedestrian environment (distance of the participant from oncoming virtual vehicle divided by speed of vehicle). A lower number on this task indicates riskier pedestrian behavior. The number of times a participant is hit by an approaching vehicle or has a close call of being hit is also measured. Each participant performed 12 orientation trials within the VR simulator to become familiar with the environment and 12 data collection trials. This number of orientation trials minimizes practice effects in the simulator. 17 The speed at which the avatar crosses the street is determined by each participant's walking speed, which is measured at a 25-foot distance, averaged over 4 trials, prior to participation in the VR pedestrian environment.
Motor symptoms were evaluated in PD participants with Hoehn and Yahr stage and with the Unified Parkinson's Disease Rating Scale (UPDRS), part III (motor examination). 18 Higher scores on these assessments indicate more severe motor symptoms.
Visual processing speed was measured independent of the VR simulator with the Useful Field of View 19 (UFOV V R ) test. This assessment has 3 subtests: stimulus identification, divided attention, and selective attention. The UFOV V R uses a touch-screen monitor on which participants identify a central target (subtest 1), a central target concurrent with a peripheral target simultaneously presented at 1 of 8 radial locations on the screen (subtest 2), or a central and concurrent peripheral target displayed with distractors on the screen (subtest 3). The difficulty of each test is altered based on participant response until the participant's threshold (stimulus display time at which participant can correctly identify the stimulus 75% of the time) is determined. Lower scores on this assessment indicate better visual processing speed.
To evaluate subjective sleepiness and objective vigilance, we administered the Epworth Sleepiness Scale 20 (ESS) and the psychomotor vigilance task 21 (PVT-192; Ambulatory Monitoring, Inc. Ardsley, NY). The ESS is a questionnaire through which participants rate their likelihood of falling asleep in 8 different situations (each item ranges from 0 to 3), with higher scores indicating more subjective sleepiness and a maximum score of 24. A score >10 indicates excessive daytime sleepiness. The PVT is a handheld device that 
displays a light at a random interstimulus interval over 10 minutes. Participants push a button as quickly as possible when the stimulus appears. The reciprocal reaction time (RRT) and lapses measured by the PVT are demonstrated to be sensitive to partial and total sleep deprivation. 22 Higher mean RRT and fewer lapses indicate better vigilance. The psychomotor vigilance task measuring RRT was not performed on all participants because it was added after study recruitment began.
Statistical Analysis
This was a cross-sectional study conducted in PD and HC participants. The primary outcome measure is the TTC, which was computed as an average TTC across the 12 data collection trial crossings. Secondary outcomes included walking speed and motor score of the UPDRS, subjective sleepiness as measured by the Epworth sleepiness scale, vigilance as measured by the PVT (mean RRT and lapses), visual processing speed as measured by the UFOV, and other outcomes measured within the virtual reality pedestrian environment, including hits and close calls to collision and direction of hit. Summary statistics were calculated and compared between the 2 groups using 2-tailed t tests. Bivariate correlation analyses using Pearson correlation coefficients were performed to evaluate relationships among variables. We performed a stepwise multiple linear regression analysis to evaluate predictors of pedestrian safety. In this model, TTC was the dependent variable, and we applied a forward selection procedure that included age, sex, duration of disease, LED (total, levodopa only, and dopamine agonist only), UPDRS score, PVT mean RRT, ESS, UFOV, and walking speed as potential predictors for PD participants and age, sex, PVT mean RRT, ESS, UFOV, and walking speed as potential predictors for HCs. We then performed a sensitivity analysis using a backward selection procedure to verify the consistency of the selection of predictors. Statistical significance was considered achieved at P < 0.05.
Results

Performance in Virtual Reality Pedestrian Environment
All PD and HC participants successfully completed the VR task. Compared with HCs, participants with PD demonstrated riskier pedestrian behavior, with significantly shorter TTC (less time between the participant and an approaching vehicle) and significantly more hits and close calls ( Table 2 ). Similar to prior studies, all participants who were hit by an approaching vehicle were more likely to be hit by a vehicle in the far lane (car approaching from the right). 11 Participants with PD had significantly slower walking speed compared with HCs.
Subjective and Objective Sleepiness Outcomes
Participants with PD were significantly more subjectively sleepy than HCs, and more PD participants scored in the range of excessive daytime sleepiness on the ESS (score > 10; Table 2 ). PD participants also had significantly more impairment in objective vigilance (PVT) with lower reciprocal reaction time (mean RRT) and more attentional lapses.
Visual Processing Outcomes
PD and HC participants did not demonstrate any significant differences in visual processing speed, as measured by UFOV total score, subtest 1 (processing speed), subtest 2 (divided attention), or subtest 3 (selective attention); see Table 2 .
Correlations
Among PD participants, bivariate analyses demonstrated a significant correlation between walking speed and pedestrian safety (TTC). However, there was no correlation between TTC and motor symptoms measured by MDS-UPDRS, indicating that gait impairment has a stronger association with performance within the VR pedestrian environment than does global motor function (Table 3) . Objective vigilance as measured by the PVT (mean RRT) was also significantly correlated with pedestrian safety (TTC) and negatively correlated with hits and close calls, suggesting that patients with impaired vigilance have riskier street-crossing behavior (Table 3) . There was also a negative but not statistically significant correlation between subjective sleepiness (ESS) and pedestrian safety, such that more sleepiness was associated with riskier behavior in the PD cases (r 5 -0.223), but no correlation (r 5 0.026) in the HCs. In addition, there was a significant negative correlation between visual processing speed (UFOV) and pedestrian safety, suggesting that those with more impaired visual processing have riskier pedestrian behavior. Dopaminergic medications, as measured by total LED, levodopa-only LED, or dopamine agonist LED, did not correlate with pedestrian behavior.
Similar to PD participants, HCs demonstrated a significant correlation between pedestrian safety (TTC) and vigilance (PVT mean RRT). In contrast to PD, pedestrian safety among HCs was significantly correlated with age. In addition, HC participant pedestrian safety had only a trend toward a negative correlation with visual processing speed and a trend toward a positive correlation with walking speed. As expected based on prior studies, 23 visual processing speed was significantly negatively correlated with age among PD and HC participants.
The psychomotor vigilance task measuring reciprocal reaction time (RRT) was not performed on all participants because it was added after study recruitment began. To determine if the significant correlation noted between RRT and other variables in 34 PD participants could be extrapolated to the entire PD sample (n 5 50), an imputation was used to assess the overall data set. A linear regression model was fit with the dependent variable as mean RRT and predictor variables of time to contact, Useful Field of View, Epworth Sleepiness Scale, and walking speed (F 5 7.164, P 5.0004). This model was used to predict reaction time for participants without observed psychomotor vigilance task values. Predicted values of reaction time correlated with the observed values (r 5 0.705, P < 0.0001) in the 34 cases with complete data. When using the predicted values for multivariable correlation analysis, there were similar but, as expected, more robust correlations between all variables that showed a significant correlation with RRT in 
Predictors of Pedestrian Safety
In a stepwise multiple regression model using a forward selection procedure, 2 variables were identified as being significant predictors of pedestrian safety (TTC) among PD participants. As shown in Table 4 , the strongest predictor of TTC among PD patients was walking speed, accounting for 48% of variance, followed by vigilance, as measured by the observed values of PVT (additional 8% of variance). As a sensitivity analysis, we ran the same model using all variables with a backward selection procedure and confirmed that the predictor variables were independent of the method of selection. Using the same approach on the HC participants, the strongest predictor of pedestrian safety among HCs was age, accounting for 27% of variance in TTC, followed by vigilance, as measured by the PVT, which was selected with a P < 0.10 and accounted for an additional 10% of variance.
Discussion
This case-control study demonstrates that PD patients have riskier pedestrian behavior compared with age-and sex-matched HC participants when assessed within a validated pedestrian environment. This riskier behavior among PD patients is most strongly related to their slower walking speed. In addition, PD patients have more excessive daytime sleepiness, impaired vigilance, and slower walking speed compared with controls. Among PD participants, slower walking speed, impaired vigilance, and impaired visual processing were significantly correlated with riskier pedestrian behavior; with walking speed the most robust predictor of pedestrian safety within this environment. Although impaired vigilance also correlated with riskier pedestrian behavior among HCs, age was the strongest predictor of pedestrian safety in these participants.
To our knowledge, only one other study has investigated pedestrian behavior in Parkinson's disease. 14 Similar to our findings, that study found riskier pedestrian behavior in PD compared with controls, and pedestrian behavior was influenced by impaired visual processing.
14 In contrast to our findings, the study by Lin and colleagues found that UPDRS motor score predicted pedestrian safety in their sample. Although walking speed was also measured in that study, the impact of this outcome on street-crossing behavior was not reported. 14 Regardless, the idea that slower speed of walking could be associated with riskier pedestrian behavior is not surprising. In fact, pedestrian crosswalks in the United States assume a minimum walking speed of 3.5 feet/second (equivalent to 2.4 miles/hour). 24 In our sample, none of the HC participants but 15 of the 50 PD participants (30%) walked slower than this speed and therefore would have difficulty safely crossing a conventional crosswalk in the United States. This suggests that public safety and traffic adjustments could improve pedestrian safety for patients with PD or other conditions that slow walking speed. This type of change is not without precedent. In fact, the 2009 parameters were changed from the 2003 rules, which assumed a minimum walking speed of 4.0 feet/second (equivalent to 2.7 miles/hour). 25 The importance of walking speed to PD patient safety is not limited to street-crossing behavior, but prior research has also shown that this is an important predictor of fall risk. 26 Therefore, patient-specific interventions, such as exercise and adjustment of dopaminergic medications, both of which can improve gait speed in PD, are potential interventions for improving pedestrian safety and falls in PD. [27] [28] [29] Our study is the first to investigate correlations between pedestrian behavior and measures of vigilance and subjective sleepiness in PD. Although objective vigilance measured by PVT was significantly correlated with TTC and predicted safe pedestrian behavior in both groups, subjective sleepiness had only a trend toward a significant correlation with TTC in PD and no correlation in HC. One potential explanation for this difference may be that participants underestimate their degree of sleepiness or that the association is of a minor magnitude to be detected in a study of this size. There is slightly more than 80% power to detect a correlation of 0.40 versus no correlation with a sample size of 50. Discrepancies between objective and subjective measures of sleepiness have been previously reported. 30 Another possible explanation is that performance on PVT relies not only on sleepiness, but also on other cognitive aspects of attention that were not independently measured. The correlations identified in 
this study highlight the importance of the integration of motor function, vigilance, cognition, and visual processing for street-crossing safety. Our findings also identify variables that differentially predict pedestrian behavior in PD and HC participants. The effects of aging on safe street-crossing behavior and on visual processing are well established 9, 10, 23 and are supported by this study as well. However, although age was the most robust predictor of pedestrian safety among HCs, this variable was not a significant predictor of pedestrian behavior among PD participants. This difference can be explained by the relative sparing of motor (walking speed) and nonmotor (vigilance) functions in healthy older adults until advanced age. However, in PD, these deficits are apparent earlier as a manifestation of the disease, explaining the relative impairment of safe pedestrian behavior in PD compared with age-matched healthy adults. This idea is supported by our findings that age and walking speed were significantly correlated in HC but not PD participants, because the slowed walking was because of PD rather than the age of PD participants. Other potential influences on pedestrian behavior that was not measured in this study but that could affect PD participants more than HCs include impaired inhibition response (impulsivity). 31 One unexpected finding in this sample was that visual processing, as measured by the UFOV, was not significantly impaired in PD relative to HCs. This is in contrast to prior studies of this outcome in PD. 12, 14 Potential explanations for this difference are that, compared with these prior studies, our sample was slightly younger and had lower (better) mean total UFOV scores for both PD and HC participants. Another possibility is that the sample size was not large enough to detect a difference because there seems to have been a trend toward poorer visual processing among PD participants. Regardless, poor performance on the UFOV was significantly correlated with unsafe pedestrian behavior in PD participants. This was expected in light of prior studies demonstrating that deficits in visual processing and attention predict unsafe driving behavior in healthy older adults and patients with PD. [32] [33] [34] [35] Strengths of this study include inclusion of a healthy control group and the use of the semi-immersive, validated, interactive pedestrian environment, which has been demonstrated to be a reliable measure of real-world street-crossing behavior without the dangers associated with real traffic. 15 There were also potential limitations to the study. First, we had some concern that the PVT might be impaired in PD because of bradykinesia affecting reaction time. However, there was no correlation between performance on the PVT and motor score on the UPDRS, consistent with our findings in a different sample of PD patients. 36 Another limitation was that there were missing data on the PVT for several participants. In addition, we did not measure level of education among our participants, and therefore we did not control for this factor, which has influenced performance on the UFOV in past research. 23 Further, although this study measured a range of assessments that might influence pedestrian behavior, we did not include detailed cognitive assessments (such as executive function and visuospatial function), evaluation of mood, measures of freezing of gait or motor fluctuations, assessments of impulsivity or decision-making, or other variables that might affect pedestrian behavior. Also, because this pedestrian environment uses a preset walking speed for participants rather than having them actually walk within the VR environment, this assessment cannot measure the influence of freezing of gait or alterations in walking speed once the crossing is initiated. Finally, because of the nature of the VR pedestrian environment that required stepping up and down off the simulated curb, we excluded participants who required the use of a walking aid such as a cane or walker and those who were nonambulatory. This selected for a sample of participants with somewhat less severe motor symptoms, potentially making this study less generalizable to the PD population as a whole.
In conclusion, this study evaluated the association of motor performance, vigilance, and visual processing speed with pedestrian safety in patients with PD, demonstrating that PD patients have riskier pedestrian behavior compared with age-matched healthy older adults when tested in a VR pedestrian environment. In contrast to HC participants, in whom age is the most important factor, deficits in street-crossing safety in PD participants are related to impairments in walking speed. Therefore, interventions to improve balance and walking speed in PD may have the potential to improve street-crossing behavior as well. In addition, the correlation between visual processing deficits and pedestrian safety provides an additional avenue for exploration of tools such as speed of processing training, which have been shown to improve performance on UFOV, 37 as interventions for improving pedestrian safety in these patients. These outcomes point to the importance of optimizing motor performance and treating sleep and vigilance deficiencies in patients with PD to improve safety.
